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ABSTRACT
We present a low frequency study of the diffuse radio emission in the galaxy cluster A754. We
present new 150 MHz image of the galaxy cluster A754 made with the Giant Metrewave Radio
Telescope (GMRT) and discuss the detection of 4 diffuse features. We compare the 150 MHz
image with the images at 74, 330 and 1363 MHz; one new diffuse feature is detected. The flux
density upperlimits at 330 and 1363 MHz imply a synchrotron spectral index, α > 2, (S ∝ ν−α)
for the new feature. The ’west relic’ detected at 74 MHz (Kassim et al 2001) is not detected at
150 MHz and is thus consistent with its non-detection at 1363 MHz (Bacchi et al 2003) and 330
MHz(Kassim et al 2001). Integrated spectra of all the diffuse features are presented. The fourth
diffuse feature is located along the proposed merger axis (Zabludoff et al 1995) in A754 and 0.7
Mpc away from the peak of X-ray emission; we refer to it as a relic. We have made use of the
framework of adiabatic compression model (Ensslin & Gopal-Krishna 2001) to obtain spectra.
We show that the spectrum of the fourth diffuse feature is consistent with that of a cocoon of
a radio galaxy lurking for about 9 × 107 yr; no shock compression is required. The other three
diffuse emission have spectra steeper than 1.5 and could be cocoons lurking for longer time. We
discuss other possibilities such as shocks and turbulent reacceleration being responsible for the
diffuse emission in A754.
Subject headings: acceleration of particles - galaxies: clusters: individual(A754)- galaxies: halos - radia-
tion mechanisms : nonthermal - radio continuum : galaxies
1. Introduction
Diffuse, synchrotron radio sources with no obvi-
ous optical counterparts have been detected in sev-
eral clusters of galaxies. They provide evidence for
the existence of ∼ Mpc scale distribution of mag-
netic fields and relativistic particles in the intra-
cluster medium (ICM). These sources are broadly
classified into two types- radio halos and radio
relics. Radio halos are unpolarized (. 5%), have
a regular morphology and are centrally located in
galaxy clusters like the hot gas emitting thermal
X-rays; radio relics are elongated, single or double
arc-like, located at the peripheries of clusters and
show strong polarization (∼ 20%) (Feretti & Gio-
vannini 1996; Giovannini et al 2002; Ferrari et al
2008). These sources have steep spectra (α > 1,
S ∝ ν−α) and are ∼ 0.5 - 1 Mpc in size. Ha-
los and relics have typical surface brightnesses of
∼mJy arcmin−2 at 1.4 GHz. The origins of rel-
ativistic electrons and large scale magnetic fields
in the ICM are still unclear. The relativistic elec-
tron population in the ICM could either be in-
jected by radio galaxies and stellar feedback or
electrons in the ICM accelerated in shocks. The
relativistic (Lorentz factor γ ≫ 104) population
of electrons cannot diffuse to distances of ∼ Mpc
in their short radiative lifetimes of ∼ 108yr in
magnetic fields ∼ 0.1 − 1µG. This leads to the
requirement of in-situ re-acceleration of electrons
in the ICM to produce a Mpc scale radio halo.
There are two classes of models which are con-
sidered - (a) re-acceleration of electrons by tur-
bulence in the ICM (reviews by Brunetti 2003,
2004; Sarazin 2004; Fujita et al 2003; Brunetti
et al 2004; Brunetti & Lazarian 2007) and (b) the
secondary electron models(Dennison 1980; Blasi
& Colafrancesco 1999; Dolag & Ensslin 2000). In
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the secondary electron models, the protons in the
ICM that are accelerated to relativistic energies
in shocks lead to the production of relativistic
electrons and positrons by inelastic p-p collisions
. The secondary electrons are produced contin-
uously in the cluster by the protons which have
lifetimes comparable to the age of the cluster and
thus cluster wide emission can be explained with-
out encountering the problem of short radiative
lifetimes of relativistic electrons. The gamma ray
flux from the ICM predicted by these models has
not been detected so far. This is a serious draw-
back of these models. The two models considered
for relics are (a) diffusive shock acceleration of
thermal electrons by Fermi I process (Ensslin et al
1998; Roettiger et al 1999) or of fossil relativistic
electrons (Markevitch et al 2005) and (b) revival
of fossil radio cocoons by adiabatic compression
due to shocks in the ICM (Ensslin & Gopal Kr-
ishna 2001, hereafter EG01; Ensslin & Bruggen
2002; Hoeft et al. 2004).
Large scale structure formation simulations
show that structure formation, accretion and
mergers drive shocks in the ICM (Miniati et al.
2000; Ryu et al. 2003; Pfrommer et al. 2006).
Sub-structures in the X-ray emission from clus-
ter cores, imaged in high resolution by Chandra
and XMM-Newton, have indicated non-virialized
states of galaxy clusters (eg. McNamara et al.
2002; Markevitch et al. 2003). The gravitational
binding energy released in cluster-cluster mergers
is ∼ 1063 erg and thus if only ∼ 1% of it is utilised
in accelerating particles, sources like the radio
halos (∼ 1060− ∼ 1061 erg) could be produced.
There is increasing evidence that radio halos and
relics occur in clusters which have undergone a
merger event in the last ∼ 1 Gyr (Feretti et al.
2006). In a few clusters such as A2256 (Briel &
Henry 1994) and A1367 (Donnelly et al. 1998) it
has been possible to detect cluster merger shocks
as temperature jumps in the X-ray emitting ICM.
These clusters are also hosts to radio relics which
have been proposed to have formed by acceler-
ation of electrons in the shock structures of the
cosmological large-scale matter flows (Ensslin et
al 1998). The shocks or turbulence in the ICM,
which are considered responsible for the acceler-
ation of electrons, would leave signatures in the
resulting spectrum of the accelerated particles.
Spectral index is a tracer of the age of the rela-
tivistic plasma and hence its distribution over the
halo/relic can reveal sites of ongoing reaccelera-
tion. Relics showing a trend of gradual flattening
of spectral index from the edge near the clus-
ter core to the edge farther from the cluster core
could indicate relation to outgoing merger shocks.
In the case of the double relics in A1240 (Bonafede
et al. 2009) and the relic in A521 (Giacintucci et
al. 2008) this possibility based on morphologies of
the relics, the spectral index maps and the polar-
ization has been considered. Patches of steep/flat
spectral index could indicate complex process of
re-acceleration such as turbulent reacceleration.
Radial steepening of spectral index of halos could
also be related to the cluster scale magnetic field
distribution (Feretti et al 2004). The correspon-
dence between X-ray sub-structure or temperature
map and the spectral index maps can reveal prop-
erties of the relativistic electron population. In
order to carry out such studies of halos and relics,
multi-frequency observations are necessary.
Radio halos and relics have been studied mainly
at 1.4 GHz (Giovannini et al 1999; Govoni et al
2001; Bacchi et al 2003(hereafter BA03); Clarke et
al 2006). Observations at frequencies other than
1GHz are required to study the spectra of halos
and relics and to compare with model predictions.
Recently a low frequency halo has been detected
in the cluster A521 by Brunetti et al. (2008) in
the maps at 235, 330 and 610 MHz. This halo
was missed at higher frequencies (& 1 GHz) due
to cutoff in the spectrum. This detection empha-
sises the importance of low frequency observations
and provides an example of a class of halos which
will be detected only at low frequencies. The ex-
tended nature and steep spectra make halos and
relics ideal targets for low frequency (< 1 GHz) ob-
servations. In recent years, the Giant Metrewave
Radio Telescope (GMRT) has provided imaging
opportunities at frequencies of 610, 330, 235 and
150 MHz with resolutions of ∼ 5′′, 9′′, 13′′ and 20′′
respectively. A few attempts have been made to
image halos and relics with the GMRT. The radio
halo in galaxy cluster A3562 has been successfully
imaged at 235 MHz by Giacintucci et al (2005).
Brunetti et al. (2008) have discovered the low fre-
quency halo in A521 with the GMRT. A search
for radio halos and relics in galaxy clusters, which
resulted in the detection of 10 new radio halos and
3 relics, has been carried out at 610 MHz with the
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GMRT (Venturi et al 2008). At low frequencies,
the primary beams are larger compared to those
at higher frequencies and thus a larger field can be
imaged in a single pointing. Considering the fact
that relics occur at peripheries of clusters, it is es-
sential that a large field around the cluster centre
be imaged. For example, in A2255, which is well
known for the presence of a halo and relic, new
relics at a distance of ∼ 2 Mpc (∼ 25′) from the
cluster centre were discovered in 350 MHz obser-
vations (Pizzo et al 2008).
With the hybrid configuration of the GMRT,
imaging of structures of angular sizes ∼ 1◦ with
a resolution of ∼ 20′′ at 150 MHz and with a
sensitivity of ∼1.5-3 mJybeam−1 is possible. We
selected halos and relics for low frequency ob-
servations with the GMRT. Haloes/relics which
had extents of 10′ − 30′ at 1.4 GHz were se-
lected so that the coverage at short baselines avail-
able at the GMRT is sufficient to image the full
extents of these sources. Further, sources with
expected 1σ surface brightness at 150 MHz of
> 1.5mJybeam−1 were selected. With our pre-
vious experience of the dynamic range limitation
of ∼ 1500 in the GMRT images, we avoided those
clusters which had radio sources & 3 Jy within the
HPBW of primary beam (∼ 3◦) at 150 MHz.
As a first phase of imaging galaxy clusters
at low frequencies, three galaxy clusters A2255,
A2256 and A754 were observed at 150 MHz with
the GMRT. Galaxy cluster A2255 is host to a ra-
dio halo and a relic (Feretti et al. 1997) and two
relics about 2 Mpc from the cluster centre (Pizzo
et al 2008). The radio halo of A2255 is polarized
(∼ 20%, Govoni et al 2005). In A2256 a radio halo
and a relic have been detected (Kim 1999; Clarke
et al 2006; Brentjens 2008). In A754 two com-
ponents of diffuse radio emission (Kassim et al.
2001, hereafter KA01; BA03) have been detected
but the nature of these are still unclear. The X-ray
images of these clusters show sub-structures which
indicate on-going mergers (Sun et al 2002; Marke-
vitch et al 2003; Sakelliou et al 2006 ). These are
of particular interest to investigate the connection
between the mergers and the radio halos/relics.
Apart from being hosts to interesting extended
diffuse radio sources, these clusters are complex
and dynamically active. In this paper we present
our results for the galaxy cluster A754.
1.1. Abell 754
A754 is a rich galaxy cluster at a redshift of
0.0542 (Strubble & Rood 1999), with an X-ray lu-
minosity of 6.4 × 1044 h−2
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erg s−1 measured in
the ASCA energy band of 0.5 - 10 keV (Hen-
riksen & Markevitch 1996) and a temperature
of 9.0 ± 0.3keV (Wu et al. 1998; Govoni et al
2004). Non-virialized nature of A754 has been
inferred from the morphologies of X-ray emis-
sions in the images made with ROSAT (Henry &
Briel 1995), Chandra (Markevitch et al 2003) and
XMM-Newton (Henry 2004). The projected dis-
tribution of optical galaxies has been reported to
be bimodal and oriented along the east-west axis;
the mean redshifts of the two galaxy concentra-
tions being identical within errors (Fabricant et al
1986; Zabludoff & Zaritsky 1995, hereafter ZZ95).
The peak of X-ray emission in A754 is not spatially
coincident with either of the two major galaxy con-
centrations (ZZ95). A merger of two sub-clusters
approximately in the plane of the sky along the
east-west axis has been suggested (ZZ95). Henrik-
sen et al. (1996) using ASCA data proposed a non-
head-on collision of subclusters in A754. Roettiger
et al (1998), using 3D MHD/N-body simulations,
have proposed explanations for most of the ob-
served X-ray properties of A754 by considering an
off-axis merger between 2 smaller clusters of mass
ratio less than 2.5:1. Markevitch et al. (2003),
based on the temperature map obtained using the
Chandra data on A754, have suggested a complex
geometry of merger involving more than 2 sub-
clusters or a cool gas cloud sloshing independently
from its former host subcluster. Fusco-Femiano et
al (2003) have reported a 3.2σ detection of excess
X-ray emission at energies above 45 keV with the
BeppoSAX which is possibly due to the inverse-
Compton emission by the relativistic plasma in the
ICM of A754. Absence of cooling flow (White et
al 1997; Peres et al 1998) in A754 is another prop-
erty indicating the on-going dynamical activity in
the cluster.
The diffuse radio emission in A754 has been un-
der investigation for more than 25 years. Diffuse
radio emission in A754 at 2.7 GHz (Wielebin-
ski et al 1977) and at 408 MHz (Mills, Hunstead
& Skellern 1978) have been reported. The dif-
fuse emission could not be distinguished from the
blend of discrete sources due to poor resolutions
of 3′ − 4′ in those images. The presence of diffuse
3
halo source in A754 at 610 MHz was also sug-
gested by Harris et al. (1980) based on the deficit
in the flux recovered from the emission of dis-
crete sources compared to the total flux reported
in earlier low frequency observations. Attempts
of investigating the diffuse radio emission at 330
MHz in a 40 minute observation with the VLA
in B and C arrays (Giovannini, Tordi & Feretti
1999; Giovannini & Feretti 2000) failed to detect
the diffuse emission due to lack of uv-coverage.
The presence of diffuse emission in A754 has been
confirmed by KA01 in the images made from 3
hr observations at each of 330 and 74 MHz with
the VLA-C array. In the deepest image of A754
at 1.3 GHz with the VLA-D array, BA03 have
confirmed the presence of two components in the
diffuse radio emission.
In this paper we use Ωm = 0.27, ΩΛ = 0.73
and a value of 73 km s−1Mpc−1 for the Hubble
constant, Ho. This implies a distance scale of 61.9
kpc arcmin−1 at the redshift of A754.
2. Observations and Data Analysis
GMRT is an aperture synthesis radio telescope
consisting of 30 dish antennas, each 45 m in diam-
eter. The array has 14 dishes placed in an area of
1 km2, forming a central compact array, providing
the uv- coverage at short baselines(∼ 100m). Re-
maining 16 antennas are spread along the 3 arms
of a Y-shape to a maximum distance of ∼ 25
km. GMRT observations of the A754 region at
150 MHz for a total of ∼ 5hr were conducted on
17 Sep. 2007. High resolution (HIRES) mode of
the GMRT correlator provided frequency resolu-
tion of 31.25 kHz over a bandwidth of 8 MHz.
This mode was used to minimize the effects of
bandwidth smearing and for better excision of ra-
dio frequency interference(RFI). Standard sources
3C48 and 3C147 were used for the flux and the
bandpass calibration. The source 0837-198 was
used as the gain and phase calibrator.
Data at 150 MHz with the GMRT were ad-
versely affected by RFI. An RFI affecting about
10 consecutive frequency channels and drifting
over 2 MHz in frequency during the total 5 hr
of observation was found along with other RFIs
which affected certain channels for limited amount
of time. The AIPS (Astronomical Image Pro-
cessing System) task SPFLG was used to remove
channels affected by RFI. A careful examination
of frequency channels in all baselines was carried
out to prevent loss of any good data while re-
moving the RFI affected data. About 35% data
were lost due to RFI. Polyhedron imaging with
66 facets was carried out to account for the non-
coplanarity of the incoming wavefront within the
large primary beam of ∼ 3◦. Hydra A, a strong
radio source, ∼ 3.5◦ from the phase centre was
imaged to remove the effect of its sidelobes from
the field of interest. The FWHM of the primary
beam of the GMRT at 150 MHz is ∼ 3◦ which
corresponds to ∼ 10 km of ionosphere at a height
of 200 km from the surface of the earth. The
passage through the ionosphere of the incoming
wavefront leads to an excess ionospheric phase.
This excess phase, if constant over the entire field
of view, can be solved for using self-calibration.
This is the assumption of isoplanicity. Isoplanic-
ity could be a poor assumption for the GMRT at
frequencies lower than 325 MHz due to long base-
lines and large field of view (Rao 2003). Spatial
and temporal variations in the electron density in
the ionosphere result in variations in excess phase
within the primary beam. This leads to variations
in the positions of sources with time. Further-
more, at any given time the different positions
in the primary beam can experience different po-
sition shifts. This is non-isoplanicity. One self
calibration solution may not work for the entire
primary beam under such conditions. We made
images of 10 min data selected at the beginning
and at the end of the observation to check if there
was any effect of non-isoplanicity. Positions of the
sources in the entire primary beam in both the
10 min images were consistent with each other
and also with those in the NRAO VLA Sky Sur-
vey(NVSS) catalogue within 1σ error of 3′′. Self
calibration worked equally well for all the sources
in the entire primary beam. No effects of non -
isoplanicity were seen.
Data at 330 MHz from the GMRT archive were
also edited and calibrated using AIPS. At 330
MHz ∼ 20% data were lost due to RFI. Poly-
hedron imaging was carried out with 32 facets.
Standard steps of self calibration were performed.
Image with a resolution of 10′′×10′′ was produced.
We used the VLA D-array data from the archive
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at 1363 MHz to make an image with a resolution
of 50′′ × 50′′. These images using the archival
data were used to estimate the contributions of
unresolved sources to the diffuse emission. Im-
ages at 74 and 330 MHz(KA01) with resolutions
of 316′′ × 233′′ and 75′′ × 56′′, respectively, were
provided by N. Kassim and the image with a res-
olution of 70′′× 70′′ at 1363 MHz(BA03) was pro-
vided by G. Giovannini. These images were used
to study the diffuse emission. Details of the data
are given in Table 1.
3. Results
GMRT image with the highest possible resolu-
tion of 21′′ was made using the 150 MHz data.
While this high resolution image showed the de-
tailed morphologies of several cluster radio galax-
ies, images with lower resolutions were produced
at 150 MHz to detect the diffuse halo emission.
For comparison with the 1363 MHz image, we
convolved the image at 150 MHz with a beam of
70′′ × 70′′; rms of 5.5 mJybeam−1 was achieved.
Images at 150 and 1363 MHz of the A754 region
where the diffuse emission is detected are shown
in Fig. 1a and 1b respectively. In Fig. 2a and 2b,
images at 330 and 74 MHz(Kassim et al. 2001),
respectively, are shown. In each of these images
the locations of diffuse emission detected at 150
MHz are marked by rectangles.
We use labels for discrete sources in the A754
field as used in Fig. 3 of BA03. For estimating
the flux densities of discrete sources we have made
use of images with resolutions of 50′′ and 10′′ at
1363 and 330 MHz respectively. The source S6 in
Fig. 1b is not detected at 150 MHz. It has flux
densities of 33.0 and 7.0 mJy at 330 and 1363 MHz
respectively which imply a spectral index of 1.0.
The non-detection of S6 above the 3σ level of 16.5
mJy at 150 MHz indicates that the spectrum has
turned over. The non-detection of S5 (2.5 mJy at
1363 MHz) at 330 and 150 MHz is consistent with
a spectral index of 0.8. Flux density of S1 at 1363
MHz is 3.6 mJy and the non-detection at 330 and
150 MHz implies a spectrum flatter than 0.8.
The details of the flux densities of each blob of
diffuse emission marked by rectangle in Fig. 1a
are given in Table 2. The ’west relic’ in the 74
MHz image of KA01 at RA=09h07m25s DEC=-
09d36m52s is not detected in any of the 150, 330
and 1363 MHz images. If the ’west relic’ is real
then the non-detection of it at 150 MHz implies
a spectral index between 74 and 150 MHz steeper
than 1.8.
The integrated spectra of each of the blobs 1,
2, 3 and 4 with 3σ error bars are plotted in Fig.
3. The flux densities of the blobs at each of the
frequencies were estimated using rectangles of the
same dimension as shown in Fig. 1a. The 1σ error
on the total flux density at 150 and 330 MHz is
20% and at 1363 MHz is 10%. In the case where
the emission was not detected, the total flux den-
sity recovered in the corresponding box is reported
as an estimate of upper limit. These upperlimits
are plotted for blobs 1, 2 and 3 at 330 MHz and
for blob 1 at 1.4 GHz. In the case of blob 3, the
discrete source S6 contributed 4.8 mJy to the box
shown. This value has been subtracted from the
total flux density in box 3 to get the estimate of
the flux density of the blob 3.
The locations of the diffuse radio emission are
marked by boxes on the X-ray image (XMM-
Newton, 0.8-2 keV, Henry et al. (2004)) of A754
(Fig. 4). The locations of optical subclusters
(ZZ95) are marked by star symbols. The proposed
direction of merger of 2 sub-clusters of galaxies
in A754 is along the line joining the two optical
clumps (ZZ95). The peak of the X-ray emission
is elongated perpendicular to the proposed direc-
tion of merger and so is blob 4 emission but ∼ 700
kpc from the X-ray peak. There is no clear indi-
cation of a shock in the X-ray images of the region
where the relic emission is located. The blob 4 is
cospatial with the western clump of optical galax-
ies. Based on the comparison of temperature map
and radio image of A754, Govoni et al (2004) show
a clear anti-correlation between the location of the
diffuse radio sources and the regions of hottest X-
ray emitting gas in A754.
The blob 4 in Fig. 1a is consistent with the
“halo“ marked in the Fig.1 of Fusco-Femiano et al
(2003). However, we shall refer to the blob 4 as a
’relic’ due to its elongated morphology and the lo-
cation away from the peak of the X-ray emission.
A spectral index of 1.4±0.2 was estimated using a
linear fit to the spectrum. The extent of the relic
projected in the plane of the sky is ∼ 350 × 400
kpc2. The volume of the relic, estimated assuming
a cylindrical geometry with the smaller side of the
box as the diameter, is ∼ 0.04 Mpc3. The equipar-
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tition magnetic field of 0.7µG was computed using
standard formulae (Pacholczyk 1970), integrating
the radio emission between 10 MHz and 10 GHz,
with a radio spectral index α = 1.4, and assuming
equal energy density in protons and electrons, and
a volume filling factor of 1.
4. Adiabatic compression model
We have tried to understand the diffuse emis-
sion in A754 in the context of the adiabatic
compression model (EG01). Radio galaxies de-
posit relativistic plasma to the ICM through
jets. After the jets turn off, apart from the PdV
work done while expanding in the ICM, the rel-
ativistic plasma in the radio lobes loses energy
by synchrotron and inverse Compton cooling on
timescales of ∼ 108yr. This plasma, if compressed
adiabatically by shock waves in the ICM, can emit
detectable radio emission. This idea of reviving
fossil radio lobes by adiabatic compression is dis-
cussed in EG01 in detail. The salient features of
this model are described here.
The rate of change of momentum, (p) of rela-
tivistic electron is proportional to the magnetic
energy density (synchrotron losses), the energy
density of the cosmic microwave background ra-
diation (inverse Compton losses) and the adia-
batic gain or loss due to the change in the vol-
ume (V ) of the radio plasma. A ratio of the
initial volume of the radio cocoon (V0) and the
volume at time t (V (t)), called the compression
ratio is defined as C(t) = V0/V (t). The change
in the volume is approximated to be a power law
in time, V (t) = V0(t/t0)
b. Adiabatic expansion
of a spherical volume (radius ro to r) of ultra-
relativistic particles of energy Eo leads to the scal-
ing of energy as E = Eo(ro/r) = Eo(V/Vo)
−1/3
(eqn. 11.30, Longair 1981) and thus of energy
density as E/V = (Eo/Vo)(V/Vo)
−4/3. Assum-
ing isotropic adiabatic expansion of magnetized
plasma, the magnetic field energy density (uB)
scales as uB = uB,0(V (t)/V0)
−4/3. The evolution
of the radio plasma is divided into five discrete
phases - (0) injection, (1) expansion, (2) lurking,
(3) flashing and (4) fading. Phase 0 (Injection):
The radio galaxy is active. A large expanding vol-
ume is filled with the radio plasma by the jets.
The typical timescale over which this phase lasts
is ∼ 0.015 Gyr (EG01; Alexander & Leahy 1987).
This expansion is supersonic with respect to the
external medium with an index b = 9/5, with
the assumption that there is no gas density gra-
dient in the vicinity of the radio galaxy (EG01;
Kaiser & Alexander 1997). Phase 1 (Expansion):
The jets of the radio galaxy are off; the radio
cocoon expands in the surrounding medium due
to higher internal pressure compared to the sur-
rounding ICM. The expansion is considered Sedov-
like (b = 6/5) throughout this phase for simplic-
ity (EG01). Phase 2 (Lurking): The radio co-
coon reaches pressure equilibrium with the ICM
and thus the volume of the plasma remains con-
stant. Phase 3 (Flashing): If a shock compresses a
lurking radio cocoon, there is enhanced radio emis-
sion due to adiabatic compression of the magnetic
field. Phase 4 (Fading): The compressed cocoon
continues to lose energy by synchrotron and in-
verse Compton losses and fades. Each phase is
characterised by its duration (∆t), the timescale
of expansion (τ) and an index (b) that deter-
mines the rate of expansion/compression of the
radio cocoon. The compression ratio during a
phase is related to these parameters by the re-
lation, C(t) = (1 + ∆t/τ)−b. The synchrotron
emission in the ith phase at a given frequency ν
is given by, Lνi ∝ BiVi
∫ pmin
pmax
dpfi(p)F (ν/νi(p))
where νi is the characteristic frequency, given
by, νi(p) = 3eBip
2/(4pimec) and F (ν/νi(p)) is
the dimensionless spectral emissivity of a mono-
energetic electron in an isotropically oriented mag-
netic field (Ensslin et al 1999) and fi(p) is the elec-
tron spectrum in the ith phase resulting from an
initial power-law distribution.
Further, the five phases are discussed under
three scenarios. Scenario A: Cocoon at cluster
centre- The external pressure provided by the ICM
is large and thus the pressure inside the radio co-
coon is considered to be only twice the external
pressure. The lurking phase lasts only for 0.1 Gyr;
the cocoon will not be able to emit detectable ra-
dio emission after compression if it is older. Sce-
nario B: Cocoon at cluster periphery- The freshly
injected plasma is over pressured compared to the
surrounding medium by a factor ∼ 100. Pres-
sure equilibrium with the surrounding medium is
achieved faster. The plasma can be revived by
shock compression even after 1 Gyr. Scenario C:
Cocoon near an active radio galaxy(smoking gun)-
A radio galaxy which is possibly the source of the
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relativistic electrons is visible near the relic. This
case is illustrated by the example of the relic in
Coma by EG01 (See EG01 for details). In A754
the relic (blob 4) has been detected at all the 3
frequencies. The model has been used to obtain a
spectrum which fits the observed spectrum of the
relic best. Scenario A was considered best suited
for A754 since the relic is located in a region where
the X-ray emission has been detected (Henry et al
2004). The steps carried out to arrive at the model
spectra from the adiabatic compression model for
the relic are described below.
The radio plasma was assumed to be in ith
phase and the estimated magnetic field (B) and
volume (V ) of the relic were used. Using compres-
sion ratio (C) for the ith phase, back calculation
was carried out to find the B and V for (i − 1)th
phase successively till Phase 0. The spectrum was
obtained for each of the phases. It was checked
whether the model spectrum in the ith phase, in
which the relic was assumed to be in, was a good fit
to the integrated spectrum of the relic. If the spec-
trum was a bad fit to the observed spectrum, the
plasma was assumed to be in another phase and
the same steps were carried out. In a case where
the relic was assumed to be in Phase 1, the corre-
sponding model spectrum was flatter than could
fit the observed data. In another case where the
relic was assumed to be in Phase 2, the spectrum
was steeper. A phase intermediate to 1 and 2 was
tried and the best fit to the observed spectrum
was obtained. This intermediate phase is referred
as “Phase 1.5”. The model spectra are shown in
Fig. 5. These spectra were constructed using the
parameters listed in Table 3. The observed val-
ues of the flux density of blob 4 at 150, 330 and
1363 MHz with the 3σ error bars are plotted along
with the model spectra. The initial energy distri-
bution of the relativistic electrons was assumed
to be a power law with a spectral index of 2.6
(N = N0E
−2.6). The flux density at 150 MHz
was used to normalize the model spectrum.
A good fit was obtained by considering the relic
to be in flashing phase (”Phase 3”) too. The
volume in the injection phase (Phase 0) required
in this case to produce the observed size of the
relic after compression by shock is ∼ 0.15 Mpc3.
This implies that a volume of ∼ 0.15Mpc3 must
have been filled with radio plasma by cluster ra-
dio galaxies forming a gigantic cocoon. Consid-
ering the typical size of a radio galaxy to be 100
kpc (middle value in Fig. 9 of Blundell et al 1999)
and assuming it to fill a sphere of that radius with
relativistic plasma, at least ∼ 35 such sources are
required to be active within a period of ∼ 1Gyr,
to fill a giant cocoon of volume 0.15 Mpc3. Such a
situation is improbable in any typical galaxy clus-
ter.
5. Discussion
In imaging extended emission at radio frequen-
cies crucial roles are played by the uv-coverage, the
sensitivity and the field of view. These vary with
the observing frequency and the instrument used.
Further, the spectra of halos and relics are not the
same over the extent of the source; there can be
isolated regions of steep and flat spectral indices.
Due to this interplay between the different aspects
of the observational limitations and the intrinsic
properties of the diffuse emission, multi-frequency
observations of halos and relics are necessary to
obtain maximum information and to make further
inferences. In the case of A754, blob 1 has been de-
tected only at 150 MHz whereas blob 4 is detected
at all of 150, 330 and 1363MHz, but better at 1363
MHz. The spectra of blobs 1, 2 and 3 are steeper
than that of blob 4. The framework of adiabatic
compression model (EG01) has been used to ex-
plain the spectrum of the blob 4 in A754. It was
found that, the relic (blob 4) can be considered as
a cocoon of a radio galaxy lurking for ∼ 9×107 yr
in the ICM. No shock compression was required
to produce the spectrum of the relic. The con-
sideration of blob 4 as a compressed radio cocoon
(Flashing phase) led to an unrealistic situation of
the cluster having a gigantic (∼ 0.15 Mpc3) radio
cocoon in the past, which appears unlikely. Thus,
merger shocks need not be invoked to explain the
observed properties of the relic. The flux densities
at 150, 330 and 1363 MHz imply spectral indices
steeper than 1.5 for blobs 1, 2 and 3. Based on the
result for blob 4 from the adiabatic compression
model, these blobs of diffuse emission are likely to
be radio cocoons lurking in the ICM for more than
108yr.
In a few clusters that have relics, merger shocks
have been considered to be responsible for ac-
celerating electrons (eg. A3376, Bagchi et al.
2006). According to the numerical model of Roet-
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tiger et al (1998) in A754, a large subcluster has
crossed the main cluster from east to west. The
4 diffuse blobs in A754 lie along the east-west
axis which is approximately the proposed axis of
merger (ZZ95). The proposed location of the east-
ern shock wave is coincident with the X-ray peak
and is close to blobs 1 and 2. The steep spectral
indices of blobs 1 and 2 could be explained in the
Fermi I acceleration scenario by a low Mach num-
ber shock (Mach number < 2 for a spectral index
steeper than 2.0; Blandford & Eichler 1987). The
western shock has been proposed to be at a loca-
tion ≈ 1.8h−1
75
Mpc from the X-ray peak (Roet-
tiger et al. 1998; KA01). The blob 4 which is in
the western region is only 0.7 Mpc from the X-ray
peak and is not coincident with the proposed lo-
cation of the shock. According to the numerical
model the shocks crossed the cluster more than 0.3
Gyr ago which is longer than the radiative lifetime
of the electrons observed at 150 MHz. In A754,
no other relics have been detected in the primary
beam at 150 MHz. Sensitive polarization study of
the diffuse emission has not been carried out to
find other signatures of shocks such as alignment
of magnetic field in the plane of the shock. Up-
perlimits on polarized flux density of 9% and 15%
have been obtained by BA03 on the western and
eastern diffuse emission respectively in A754.
Mergers can create turbulence in the ICM
which could then accelerate particles. It has been
proposed that Fermi acceleration powered by tur-
bulence in the ICM can accelerate particles to
relativistic energies (Brunetti et al 2008 and ref-
erences therein) if the turbulence lasts for more
than 108yr. Particles in the ICM, through res-
onant scattering off the turbulent waves, can be
stochastically accelerated to relativistic energies
(Melrose 1980). The relation between mergers
and turbulent acceleration of particles is complex
and the details are not clear. The steep spectrum
with a cutoff at high frequencies is a signature of
turbulent reacceleration (Kuo et al 2003; Brunetti
et al 2004; Cassano et al 2005). A halo has been
detected in A521 at low frequencies such as 235,
330 and 610 MHz (Brunetti et al. 2008) having
spectral index of ∼ 2. A high frequency spectral
cutoff is suspected by the authors for this halo
making it undetectable at 1.4 GHz with the re-
ported sensitivity of their observation. Turbulent
reacceleration model has been invoked to explain
the low frequency halo. It is likely that many such
diffuse features having cutoff at high frequencies
could be lurking in clusters but have not been de-
tected since no low frequency observations have
been carried out. The non-detection of blob 1 at
330 and 1363 MHz indicates cutoff in its spectrum.
This implies the possibility of turbulent reacceler-
ation. The case of blob 4, not requiring shock to
explain the radio emission, is also consistent with
the picture of turbulent reacceleration.
Another possibility is that the shocks acceler-
ated the protons in the ICM which produced sec-
ondary electrons and positrons by hadronic col-
lisions. These secondary particles then produced
the observed radio-halo emission. In this case the
radio emission can last long after the passage of
shock. This scenario will be tested with the detec-
tion of gamma ray flux expected from the decay
of neutral pions after the p-p collisions (Ensslin et
al. 1997; Colafrancesco & Blasi 1998; Blasi 1998;
Dolag & Ensslin 2000).
6. Conclusions
We have presented a GMRT 150 MHz image
of the A754 region. We detected 4 blobs of dif-
fuse emission at 150 MHz with a resolution of 70′′.
We made high resolution images using the archival
data at 330 (GMRT) and 1363 MHz (VLA) to es-
timate flux densities of discrete sources and used
the published images of A754 at 74, 330 and 1363
MHz(VLA) to compare the diffuse features. The
’blob 1’ is detected only at 150 MHz. The ’blob
4’, is detected at all the three frequencies. The
blob 4, lies along the axis of merger in A754 and
on the far side of the X-ray peak; thus we refer
to it as a relic. Within the framework of the adi-
abatic compression model (EG01), we found that
the blob 4 can be explained as an ageing cocoon
of an old radio galaxy in the cluster. The spectra
of blobs 1, 2 and 3 of diffuse emission are steeper
and thus can be considered as radio cocoons older
than the relic. Not requiring shock to explain the
radio emission of blob 4, is also consistent with the
picture of turbulent reacceleration.
We thank Biman Nath and Dipankar Bhat-
tacharya for critical comments on the manuscript.
We thank G. Giovannini (1363 MHz) and N. Kas-
sim (74 and 330 MHz) for providing the images
8
of A754. Giant Metrewave Radio Telescope is run
by the National Centre for Radio Astrophysics of
the Tata Institute of Fundamental Research. The
National Radio Astronomy Observatory is a facil-
ity of the National Science Foundation operated
under cooperative agreement by Associated Uni-
versities, Inc.
REFERENCES
Alexander, P., Leahy, J. P. 1987, MNRAS, 225, 1
Bacchi, M., Feretti, L., Giovannini, G., & Govoni,
F. 2003, A&A, 400, 465
Bagchi, J., Durret, F., Neto, G. B. L., Paul, S.
2006, Sci, 314, 791
Blandford, R., & Eichler, D. 1987, Phy. Rep., 154,
1
Blasi, P., & Colafrancesco, S. 1999, Astropart.
Phys., 12, 169
Blundell, K. M., Rawlings, S., Willot, C. J., Kas-
sim, N. E. & Perley, R. 2002, New A Rev., 46,
75
Bonafede, A., Giovannini, G., Feretti, L., Govoni,
F., & Murgia, M. 2009, A&A, 494, 429
Brentjens, M. A. 2008, A&A, 489, 69
Briel, U. G., & Henry, J. P. 1994, Nature, 372, 439
Brunetti, G. 2003, Matter and Energy in Clusters
of Galaxies, ASP Conference Proceedings, 301,
ed. Stuart B. & Chorng-Yuan H., Astronomical
Society of the Pacific San Francisco, 349
Brunetti, G., Giacintucci, S., Cassano, R., Lane,
W., Dallacasa, D., Venturi, T., Kassim, N. E.,
Setti, G., Cotton, W. D. & Markevitch, M.
2008, Nature, 455, 944
Brunetti, G. 2004, Outskirts of Galaxy Clusters:
Intense Life in the Suburbs, ed. Diaferio, A.,
IAU Colloquium, 195, 148
Brunetti, G., Blasi, P., Cassano, R., & Gabici, S.
2004, MNRAS, 350, 1174
Brunetti, G. & Lazarian, A. 2007, MNRAS, 378,
245
Cassano, R., & Brunetti, G. 2005, MNRAS, 357,
1313
Clarke, T. E. & Ensslin, T. 2006, AJ, 131, 2900
Colafrancesco, S. & Blasi, P. 1998, Astroparticle
Phy., 9, 227
Dennison, B. 1980, ApJ, 239, 93
Dolag, K., & Ensslin, T. A. 2000, A&A, 362, 151
Donnelly, R. H., Markevitch, M., Forman, W.,
Jones, C., David, L. P., Churazov,E., & Gil-
fanov, M. 1998, ApJ, 500, 138
Ensslin, T. A., Biermann, P. L., Klein, U., &
Kohle, S. 1998, A&A, 332, 395
Ensslin, T. A. & Bruggen, M. 2002, MNRAS, 331,
1011
Ensslin, T. A., & Gopal-Krishna 2001, A&A, 366,
26
Ensslin, T. A., Lieu, R., Biermann, P. L. 1999,
A&A, 344, 409
Fabricant, D., Beers, T. C., Geller, M. J., Goren-
stein, P., Huchra, J. P., & Kurtz, M. J. 1986,
ApJ, 308, 530
Feretti, L. 2006, Proceedings of the XLIst Ren-
contres de Moriond, XXVIth Astrophysics
Moriond Meeting: ”From dark halos to light”,
ed. L.Tresse, S. Maurogordato and J. Tran
Thanh Van
Feretti, L., Boehringer, H., Giovannini, G., & Neu-
mann, D. 1997, A&A, 317, 432
Feretti, L. & Giovannini, G. 1996, IAU Symp. 175,
Extragalactic radio sources, ed. R. D. Ekers,
C. Fanti, and L. Padrielli (Dordrecht: Kluwer),
333
Feretti, L., Orru, E., Brunetti, G., Giovannini, G.,
Kassim, N., & Setti, G. 2004, A&A, 423, 111
Ferrari, C., Govoni, F., Schindler, S., Bykov, A.
M. & Rephaeli, Y. 2008, SSRv, 134, 93
Fujita, Y., Takizawa, M. & Sarazin, C. L. 2003,
AJ, 584, 190
9
Fusco-Femiano, R., Orlandini, M., De Grandi, S.,
Molendi, S., Feretti, L., Giovannini, G., Bacchi,
M., Govoni, F. 2003, A&A, 398, 441
Giacintucci, S., Venturi, T., Brunetti, G., Bardelli,
S., Dallacasa, D., Ettori, S., Finoguenov, A.,
Rao, A. P., & Zucca, E. 2005, A&A, 440, 867
Giacintucci, S., Venturi, T., Macario, G., Dalla-
casa, D., Brunetti, G., Markevitch, M., Cas-
sano, R., Bardelli, S., & Athreya, R. 2008,
A&A, 486, 347
Giovannini, G., & Feretti, L. 2000, NewAstr, 5,
335
Giovannini, G. & Feretti, L. 2002, Merging
Processes in Galaxy Clusters, ed. L. Feretti,
I.M. Gioia, G. Giovannini, ASSL (Dordrecht:
Kluwer), 272, 197
Giovannini, G., Tordi, M., & Feretti, L. 1999, New
A Rev., 4, 141
Govoni, F., Feretti, L., Giovannini, G., Bo-
hhringer, H., Reiprich, T. H., & Murgia, M.
2001, A&A, 376, 803
Govoni, F., Markevitch, M., Vikhlinin, A.,
VanSpeybroeck, L., Feretti, L., & Giovannini,
G. 2004, ApJ, 605, 695
Govoni, F., Murgia, M., Feretti, L., Giovannini,
G., Dallacasa, D., & Taylor, G. B. 2005, A&A,
430, 5
Harris, D. E., Pineda, F. J., Delvaille, J. P.,
Schnopper, H. W., Costain, C. H., & Strom,
R. G. 1980, A&A, 90, 283
Henriksen, Mark J. & Markevitch, Maxim L. 1996,
ApJ, 466, 79
Henry, J. P., Briel, U. G., 1995, ApJ, 443, 9
Henry, J. P., Finoguenov, A., & Briel, U. G. 2004,
ApJ, 615, 181
Hoeft, M., Bruggen, M., & Yepes, G. 2004, MN-
RAS, 347, 389
Kaiser, C. R., Alexander, P. 1997, MNRAS, 286,
215
Kassim, N. E. et al., 2001, ApJ, 559, 785
Kim, K. -T. 1999, JKAS, 32,75
Kuo, P. -H., Hwang, C. -Y., & Ip, W. -H. 2003,
AJ, 594, 732
Longair, M. S. 1981, High Energy Astrophysics
(Cambridge University)
Markevitch, M., Govoni, F., Brunetti, G., &
Jerius, D. 2005, ApJ, 627, 733
Markevitch, M., Mazzotta, P., Vikhlinin, A.,
Burke, D., Butt, Y., David, L., Donnelly, H.,
Forman, W. R., Harris, D., Kim, D.-W., Vi-
rani, S., Vrtilek, J. 2003, ApJ, 586, 19
McNamara, B. R. 2002, The High Energy Universe
at Sharp Focus: Chandra Science, ASP Conf.
Proc., 262, Ed. Schlegel, E. M. & Vrtilek, S.
D. San Francisco: Astronomical Society of the
Pacific, 351
Melrose, D. B. 1980, Plasma Astrophysics (Gor-
don & Breach)
Miniati, F., Ryu, D., Kang, H., Jones, T. W., Cen,
R.,& Ostriker, J. 2000, ApJ, 542, 608
Mills, B. Y., Hunstead, R. W., & Skellern, D. J.
1978, MNRAS, 185, 51
Pacholczyk, A. G. 1970, Radio astrophysics (Free-
man: San Francisco)
Peres, C. B., Fabian, A. C., Edge, A. C., Allen,
S. W., Johnstone, R. M., & White, D. A. 1998,
MNRAS, 298, 416
Pfrommer, C., Springel, V., Ensslin, T. A., &
Jubelgas, M. 2006, MNRAS, 367, 113
Pizzo, R. F., de Bruyn, A. G., Feretti, L., & Gov-
oni, F. 2008, A&A, 481, 91
Rao A. P. 2003, Low Frequency Ra-
dio Astronomy, ed. Chengalur, J.
N., Gupta, Y., & Dwarakanath, K.
S.(http://www.gmrt.ncra.tifr.res.in/gmrt hpage/
User/doc/WEBLF/LFRA/index.html)
Roettiger, K., Burns, J. O., & Stone, J. M. 1999,
ApJ, 518, 603
Roettiger, K., Stone, J. M., & Mushotzky, R. F.
1998, ApJ, 493, 62
10
Ryu, D., & Kang, H. 2003, JKAS, 36, 105
Sakelliou, I., & Ponman, T. J., 2006, MNRAS,
367, 1409
Sarazin, C. L. 2004, JKAS, 37, 433
Strubble, M. F. & Rood, H. J. 1999 ApJS, 125,
35S
Sun, M., Murray, S. S., Markevitch, M., &
Vikhlinin, A. 2002, ApJ, 565, 867
Venturi, T., Giacintucci, S., Dallacasa, D., Cas-
sano, R., Brunetti, G., Bardelli, S., & Setti, G.
2008, A&A, 484, 327
White, D. A., Jones, C., & Forman, W. 1997, MN-
RAS, 292, 419
Wielebinski, R., Waldthausen, H., Kronberg, P.
P., & Haslam, C. G. T. 1977, Nature, 266, 239
Wu, X.-P., Fang, L.-Z., & Xu, W., 1998, A&A,
338, 813
Zabludoff, A. I., & Zaritsky, D. 1995, ApJ, 447, 21
This 2-column preprint was prepared with the AAS LATEX
macros v5.2.
Fig. 1.— A754: (a) Shown in grey-scale is the
POSS2 R-band image with the contours at 150
MHz (GMRT) overlaid. (b) Image at 1363 MHz is
shown in greyscale and contours(courtesy G. Gio-
vannini). The blobs of diffuse emission detected
at 150 MHz are marked by rectangles and the dis-
crete sources are indicated by labels in each of (a)
and (b). Contour levels: (a) 150 MHz: -16.5, 16.5,
33, 49.5, 66, 82.5, 110, 165, 220, 330 mJybeam−1;
(b) 1363 MHz (VLA):-0.39,0.39, 0.78, 1.17, 1.56,
1.99, 2.8, 3.9, 7.8, 13 mJybeam−1. The convolving
beam shown at the top right corner in the images
is 70′′ × 70′′.
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Fig. 2.— In (a) and (b) are 330 and 74 MHz im-
ages of A754, respectively, in greyscale and in con-
tours(courtesy Kassim N.). Contour levels are: (a)
16 mJybeam−1 × (-1, 1, 1.4, 2, 2.8, 4, 5.7, 8, 11.3,
16, 22.6, 32) and (b) 0.4 Jybeam−1 × (-1, 1, 1.4, 2,
2.8, 4, 5.7, 8, 11.3). Beam sizes are 90′′ × 90′′ and
316′′×233′′(P. A.= -7◦) in (a) and (b) respectively.
Fig. 3.— Integrated spectra of blobs 1, 2, 3 and 4.
For blob 1 upperlimits at 330 and 1363 MHz are
plotted; for blobs 2 and 3 upperlimits at 330 MHz
are plotted.
Fig. 4.— A754 : X-ray image in the band 0.8-2
keV with XMM-Newton (Henry et al 2004). Po-
sitions of optical clumps of galaxies (ZZ95) are
marked by star symbols. The locations of the dif-
fuse radio emissions blobs 1, 2, 3 and 4 are marked
by rectangles.
Fig. 5.— Model spectra obtained using the adia-
batic compression model (See Table 3 for the pa-
rameters). The model spectrum in phase 1.5 fits
the observed spectrum (dots) of blob 4 best.
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Table 1: Observations
Frequency Telescope Date Time on Synthesized rms
(MHz) of obsn. source(min) beam (mJybeam−1)
74(KA01) VLA-C 21 Mar. 2000 180 316′′ × 233′′ 200
150 GMRT 17 Sep. 2007 225 21′′ × 21′′ 2.6
330 GMRT 23 Jun. 2005 150 10′′ × 10′′ 0.6
330(KA01) VLA-C 21 Mar. 2000 180 75′′ × 56′′ 5.3
1363(BA03) VLA-D 25 Sep. 2000 180 50′′ × 50′′ 0.1
Table 2: Flux densities of diffuse radio emission
Integrated Flux density(mJy) α1501363 Extent
(150 MHz) (330 MHz) (1363 MHz) (kpc2)
Blob 1 174 <28 <2.0 2.0 240× 200
Blob 2 188 <38 6.5 1.5 260× 160
Blob 3 340 <130 5.0 1.9 280× 540
Blob 4 540 230 23.0 1.4 350× 400
Table 3: Adiabatic compression model fit param-
eters
∆t τ b V B
(Gyr) (Gyr) (Mpc3) (µG)
Phase 0 0 0.015 1.8 0.02 1.0
Phase 1 0.0054 0.01 1.2 0.04 0.7
Phase 1.5 0.09 ∞ 0 0.04 0.7
Phase 2 0.1 ∞ 0 0.04 0.7
Phase 3 0.069 -0.11 2.0 0.006 2.42
Phase 4 0.02 ∞ 0 0.006 2.42
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